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ABSTRACT

Results from new sinulations of the Early Jurassic climte show that
i ncreased ocean heat transports may have been the primary force generating

warmer climates during the past 180 mllion years. The sinulations,
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conducted using the general circulation nodel (GCM at the Goddard Institute
for Space Studies, include realistic representations of paleocontinental
di stribution, topography, epeiric seas, and vegetation, in order to
facilitate conparisons between nodel results and pal eoclimate data. Thr ee
maj or features of the sinulated Early Jurassic clinate include: 1) a gl obal
war m ng, conpared to the present, of 5°C to 10°C with tenperature increases
at high latitudes five times this global average. Average summer
tenperatures exceed 35°C in low latitude regions of western Pangaea where
eolian sandstones testify to the presence of vast deserts. 2) sinmulated
precipitation and evaporation patterns agree closely with the nvisture
distribution interpreted from evaporites, and coal deposits. Hi gh rainfall
rates are associated primarily with nonsoons that originate over the warm
Tethys Ocean. Unlike the "neganbnsoons" proposed in previous studies, these
systens are found to be associated with l|ocalized pressure cells whose
positions are controlled by topography and coastal geography. 3) decreases in
pl anetary al bedo, occuring because of reductions in sea ice, snow cover, and
| ow cl ouds, and increases in atnospheric water vapor are the positive clinmate
feedbacks that anplify the gl obal warning.

Simlar to other Mesozoic climte simulations, our nodel finds that
| arge seasonal tenperature fluctuations occurred over md and high |atitude
continental interiors, refuting paleclimte evidence that suggests nore
equabl e conditions. Sensitivity experinents suggest that sone conbination of
ocean heat transport increase, high levels of CO2, and inproved nodeling of
ground hydrol gogi cal schemes may lead to a better match with the geol ogic
record. We specul ate, also, that the record itself is biased towards
"equabl e" climtic conditions, a suggestion that may be tested by conparing

CCMresults with nore detailed phytogeographic anal yses.



| NTRODUCTI ON

Pal eoclimate sinulations using three-di mensional general circulation
nodel s (GCMs) have, generally, been concentrated on two geologic intervals:
the Pleistocene Epoch (COHVAP Menbers, 1988; Kutzbach and Guetter, 1986;
Kut zbach and Street-Perrott, 1985; Manabe and Broccoli, 1985, Mnabe and
Bryan, 1985; Rind, 1987a) and the Cretaceous Period (Barron, 1980; Barron,
1985; Barron and others, 1981; Barron and Washi ngton, 1982a, 1982b, 1984;
Fl em ng, 1983; gl esby and Park, 1989; Rind, 1986). At the npbst basic |evel
these two periods represent end-nenber climates with respect to surface air
temperature. Thus, not incidently, they are scenarios which provide useful
information to clinmate nodelers interested in the phenomenon of gl obal
war m ng. However, nunerous other factors contribute to the prom nence of
these time periods in sinulation studies.

The Pl ei stocene geologic record is abundant with avail abl e pal eoclinate
data, including continuous sedinent and isotopic records from ocean cores,
| arge nunbers of geochemical, sedinentary, and vegetational records, and even
sanmples of ancient air fromice cores (see review by Bradley, 1985). Such
detailed data is an inportant aid in accurately constructing nodel boundary
conditions and in validating nodel results. Pl ei stocene nodel -data
conparisons are also nade easier by the fact that the geographic positions of
the continents have changed little over the past two mllion years; thus
maki ng direct conparisons with the current climte nuch sinpler. I n
addition, the Pleistocene is clearly of great interest because of the extrene
climtic changes associated with ice age fluctuations, including changes in
ice sheet and sea ice extent, variations in the Indian and African nonsoons,

shifts in low latitude desert regions, and | arge-scal e ecosystem mi grati ons.
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Cretaceous pal eoclimate data, although not nearly as plentiful as that
from the Pleistocene, exists in large anpunts conpared to other Mesozoic
periods (see review by Crow ey, 1983). This results partially because,
during this time of relatively high sea |level, abundant shallow marine and
associ ated nearshore deposits were formed on or near the continents. Also
Cretaceous deposits contain an abundance of economcally inportant
hydr ocarbon resources, as well as evidence of inportant geologic events such
as the rise to proninence of the angiosperns, the culnination of the age of
the dinosaurs, and evidence for an asteroid inpact that nay have led to the
mass extinction of fauna at the end of the period. In addition, the
contrasts that exist between the Cretaceous and our Pleistocene world nake it
a target of scientific curiosity: the pal eogeography was different fromthe
present (Barron, 1987; Smith and Briden, 1977; Ziegler and others, 1983), the
pal eobi ol ogy was uni que (Doyle, 1987; Hallam 1975; 1985; Wl fe and Upchurch
1987; Ziegler and others, 1987), solar lumnosity was probably reduced
(Newman and Rood, 1977) and, by nobst anal yses, no permanent |and ice existed
(Barron and others, 1981; Barron and Washi ngton, 1982b; Frakes, 1979; Hallam
1985; see Frakes and Francis, 1988, for an opposing view). |In addition, the
evidence for a warmer climte has led to hypotheses about increased
at nospheric trace gases (Arthur and others, 1985; Barron, 1985; Berner and
Landi s, 1987; Schneider and others, 1985) and changes in ocean heat transport
(Rind and Chandl er, 1991)

Recently, research has been directed towards two additional pre-
Pl ei stocene pal eoclinate scenarios including: 1) the Eocene (Barron, 1987
Ri nd and Chandl er, 1991; Sloan and Barron, 1990), which is somewhat sinmilar
to the Cretaceous, with the added curiousity that low latitude cooling seens

to have occurred concurrently to the high and nmid-latitude warn ng, and 2)
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the supercontinent scenario (Crowl ey and others, 1987, 1989; Kutzbach and
Gl linmore, 1989), in which all (Pangaea) or many (Gondwana and Laurasia) of
the continents forned a contiguous |andmass. The reasons for interest in
supercontinent clinmates are also sinmilar to those for the Cretaceous climate.
Pal eogeogr aphy and vegetation were very different fromthe present, while sea
surface tenperatures (SSTs), atnospheric conposition, and solar insolation
were probably altered as well. Al so, like the Eocene, the Early Jurassic,
Pangaean climate exhibits conplex changes that have very different
consequences at |ow and high |atitudes. Di verse floral assenblages at high
latitiudes and the |ack of glacial evidence indicate that the polar regions
were warnmer and wetter than today, a ubiquitous signal in the Mesozoic and
early Cenozoic record (see review by Hallam 1985). However, vast expanses
of evaporites and eolian dune deposits at low |latitudes indicate the presence
of tropical warnmth and aridity during the Jurassic in excess of any other
Phanerozoic tinme period (Gordon, 1975). Expanded interest in Jurassic
climates has also appeared in the clinmte nodeling comunity since the
prediction was nade that low to nid-latitude aridity will occur in the next
century concurrent with global war m ng. Finally, interest in
supercontinental processes has culmnated in an international research
initiative dealing with Pangaea which is organized by the d obal Sedinentary
CGeol ogy Program (GSPG), and which will include studies of Pangaean clinate.
This paper presents the results of a Pangaean climte sinulation
conducted using one version of the Goddard Institute for Space Studies'
general <circulation nodel (GISS GCM. The sinulation is designed to
approximate the climate of the Early Jurassic (Pliensbachian) Epoch. W have
used boundary and initial conditions that are based on the best available

estimates from the geologic record and we have strived to include all
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conditions which are significant on the spatial scale used by the GCM  The
conditions are represented in far greater detail than in previous experinents
and include: continental reconstructions, topography, epeiric sea extent,
vegetation distributions, and sea surface tenperatures. These inproved
representations of surface conditions in the GCM are intended to provide
simulated climte results that can be nore critically conmpared to

pal eoclimate data fromthe geol ogic record.

THE G SS GENERAL CI RCULATI ON MODEL

The A SS GCM is a three-dinmensional global clinmte nodel that can be run
using a variety of grid resolutions, ocean nodels, ground hydrol ogy schenes,
and cloud paranterizations. A conplete description of the GSS GCM and the
results of a current climte simulation (referred to in the climte
literature as a "control run") nmay be found in Hansen and others (1983, nodel
). The version we use for the Early Jurassic sinulation operates with a
7.83° X 10° (latitude X longitude) horizontal resolution with nine vertical
at nosphere layers plus two ground hydrology |ayers. It solves the
fundament al physical equations for the conservation of nass, energy,
nonentum and noisture, as well as, the equation of state which relates the
at nospheric pressure, density and tenperature. The G SS GCM includes both
seasonal and diurnal cycles in its tenperature calculations and its radiation
conputations take into account aerosols, cloud particles, and all significant
at nospheric gases, including trace gases (i.e. carbon dioxide, nethane,
etc.). The cloud paraneterization predicts both |arge-scale and convective
cloud cover, and precipitation my occur from either cloud type when
supersaturated conditions exist. In a typical sinmulation, using specified
sea surface tenperatures, the GCMis "spun-up" through one annual cycle after

which the principle conmponents of the nodel are in equilibrium The results
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presented here are averages over the final five years of a six year
si mul ati on. Sensitivity experinments that are described in this paper were
generally run for between two and five years and used our primary Early

Jurassic sinmulation for their initial state.

BOUNDARY CONDI TIONS FOR THE G SS GCM

The Early Jurassic lasted for approximately 20 nillion years, from 208 M
to 178 Ma (Harland and others, 1990). The continental distribution we use is
based on a Pliensbachian reconstruction by Ziegler and others (1983, see
their figure 2), which includes estinmates of pal eotopography and the extent
of epeiric seas. Like the Cretaceous (and other periods of the Mesozoic and
early Cenozoic) a great deal of the paleoclinmate data from the Jurassic
indicate that the clinate at that tinme was warnmer than at the present. High
latitudes in particular are conspicuous because they |ack glacial deposits
and yield evidence of diverse fossil flora (Hughes, 1973) which suggest that
tenperatures near the poles were probably amplified more than at | ower
| atitudes. However, whereas the Cretaceous is generally characterized as
nore humd than the present, extensive evaporites and eolian sandstones
suggest that the Jurassic Period was considerably nore arid than the present
climte (Arkell, 1956; Frakes, 1979; Gordon, 1975; Hallam 1985; Hubert and
Mertz, 1984; Kocurek and Dott, 1983). Based on the latitudinal extent of
evaporite deposits the Early Jurassic was probably not as dry as the Mddle
and Late Jurassic Epochs; however, it was selected for this experiment on the
basi s of several additional advantages which are di scussed bel ow.

Table 1 lists the boundary and initial conditions that nmust be assigned
in order to initiate the G SS GCM Figure 1 shows the prinmary boundary
conditions that were changed in order to sinulate the Early Jurassic. The

results of the sinmulation depend not only on the ability of the GCM to node
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physical climte processes, but also on our ability to provide accurate
boundary conditions for the sinulation. Assi gni ng boundary conditions is
perhaps the nmpost difficult task for paleoclimte sinulations and many
limtations of GCM paleoclimate runs are related to our lack of know edge
about past conditions. As the GCMs becone nore sophisticated, and we begin
to investigate paleoclimte patterns on the regional scale, it becones
necessary to provide realistic boundary conditions in order to conpare

simulation results to the geol ogic record.

Pal eoconti nent al Di stribution

Figure la is a paleocontinental reconstruction for the Pliensbachian
Epoch of the Jurassic Period and figure 1b shows the Pangaean | and
di stribution and topography used in our simulation. During the Pliensbachian
southern China collided with Laurasia and the supercontinent of Pangaea
attained its nost conplete configuration. Pangaea had drifted northward to a
position that left the south pole in open waters for the first time since the
m d- Ordovician (460 Ma). At this tinme, Pangaea was arranged nearly
symretrically about the equator with 51.5% of the land area located in the
northern hem sphere as conpared with 63% today (Parrish, 1985). Overall, the
supercontinental |andmass extended from 85°N to 80°S and spanned 180° of
| ongi t ude. The elevations given by Ziegler et. al (1983) for this tinme
period were only qualitative so we quantified them by using assum ng that
Pangaean and present day regions with simlar tectonic settings would have
simlar elevations. The result is that the landnass in our Early Jurassic
reconstruction covers 28.7% of the earth's surface and has an average
el evation of 135 neters. This can be conpared to the continental val ues used
in ASS's current climate simulation which has 29.1% | and coverage with a 233

net er average el evation.
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The extensive, continuous, and symetrical |and coverage during the Early
Jurassic reduces the conplexity of sinulating and interpreting the nodel ed
pal eocl i mat e. For climte analysis, the one-continent configuration is the
nost sinplistic end-nenber of continental organization. It presents an
interesting yet realistic pal eogeographic scenario for climte study. In
addition, the broad latitudinal extent of the Pangaean continent vyields
geologic data that covers a continuous range of Jlatitudes in both
hem spheres, providing critical information about equator to pole climte

gradi ent s.

Ocean Basins and Sea Surface Tenperatures

A corollary to the sinplified paleocontinental distribution is the
unconpl i cated shape of the ocean basin. One |arge ocean, Panthal assa, covers
the globe frompole to pole across a |ongitudinal extent of 180°. The Tethys
Ocean separates northern and southern Pangaea in the east and is an
equatori al enbaynment of the western Panthal assic Ocean (see Fig. 1).

The major effect that oceans have on climate in the GCM arises fromtheir
ability to transport heat and to act as a source and sink for H2O The d SS
GCM par aneteri zes noisture and heat transfer fromthe ocean to the atnosphere
based on the SST distribution. The inportance of the SST distribution should
not be underestimated since previous paleoclimte nodeling studies (Barron,
1987; Rind and Peteet, 1985; Rind and others, 1986; Sloan and Barron, 1990)
have indicated that the Earth's climate, especially at tropical latitudes,
may be very sensitive to this factor. The errors inherent in supplying the
SST field represent a serious limtation to paleoclimte nodeling of pre-
Pl ei st ocene periods; however, effective full-ocean npdels are not yet
avail abl e, and the static m xed |layer oceans used in sone GCM experinments

generate high latitude SSTs that are inconsistent with tenperature estinmates
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made using the geologic record (Barron, 1982; Barron and Washi ngton, 1982a).
For this reason, sinulations that use m xed |layer oceans commonly assign a
m nimum al l owable SST in order to nmamintain warm polar region tenperatures.
In our sinmulation we use a specified SST distribution which adjusts daily,
t hus accounting for seasonal tenperature fluctuations. As Barron and
Washi ngton (1982b) point out, this method of sinulating past polar warnth
implies that increased ocean heat transports were a significant conponent of
the climate systeny an inportant point which we will discuss later in this
paper .

The Early Jurassic SST distribution, showmn in Fig. 1b, is an estimate
based on data from nunerous sources. These include the resources of the
Pal eogeographic Atlas Project (A M Ziegler, per sonal comuni cati on) and
the conpilations of Arkell (1956), Brenchley (1984), Frakes (1979), and
Hal | am (1975). The constraints on our SST estinmates are: 1) no high latitude
ice sheets, 2) broad latitudinal extent of warnmer clinmate vegetation types
and high diversity floral assenblages l|ocated at high latitude coastal
positions, 3) greater latitudinal extent of hermatypic corals and greater
diversity of other marine invertebrates in the Tethys region, 4) regionally
extensive evaporite and carbonate deposits, and 5) estimtes of
pal eocurrents, taking into account the Coriolis force and continental
barriers. The reliability of the avail able oxygen isotope neasurenents is
guestionable (see Hallam 1975, for a review) and such quantitative data are
too few and too variable to be seriously useful for determning the SST
distribution for the Early Jurassic; however, we point out that the SST
distribution we use is generally consistent with the mninmm SST estinmtes
(nost positive 0180 val ues) that were made by Stevens and O ayton (1971) using

i sot opes.
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Since the single-basin ocean configuration decreases the conplexity of
the wind-driven ocean circulation this may reduce the error in the estinates
of SST distribution. Yet, thernohaline circulation changes, potentially of
equal or greater inportance, are not explicitly considered in this study.
Maj or features of our specified SST field include: warm polar waters
(seasonal range = 3.5°C to 9.5°C), a |ow equator-to-pole tenperature gradient
(22.2°C), and an east-west equatorial tenperature gradient (from 25°C in the
east Panthalassic to 32°C in the west Tethys). G obal ly averaged, our
speci fied Jurassic ocean is 3.0°C warner than the SSTs used in the current

climte G SS GCM experinments.

Veget ati on

Several studies have shown the inportance of including nore realistic
representations of vegetation in GCMs (Emuanuel and ot hers, 1985; Hansen and
ot hers, 1983; Hansen and others, 1984; Rind, 1984; Rind and others, 1990) and
nunerous vegetation schenes, of varying conplexity, have been applied to the
probl em (Abranmopoul os and others, 1988; Dickinson, 1984). The si npl est
schenes account only for vegetation's effect on surface al bedo. However,
other properties of plants such as their influence on soil npisture, surface
runof f, and evapotranspiration (the transport of water from the soil to the
at nosphere) play inportant roles in regulating continental climtes (Rind,
1982, 1984; Rind and others, 1990; Sud and Smith, 1985; Thornthwaite, 1948).
These additional properties are included in the GISS GCMs ground
hydr ol ogi cal schene and are dependent upon specified vegetation types. The
G SS GCM i ncludes eight categories of vegetation which were condensed from a
| arger gl obal database (Matthews, 1984, 1985). Each vegetation category is

used to define, 1) surface albedo (adjusted seasonally), 2) the water
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hol di ng capacity of the ground layers (soil noisture), and 3) the degree to
whi ch snow reflectivity is masked (Hansen and ot hers, 1983).

The vegetation distribution used in the Early Jurassic sinmulation is
shown in figure l1c. Pal eof l oral distributions were constructed using data
from several sources (Termer and Term er, 1960; Vakhraneev, 1965, 1970;
Hughes, 1973; Wesley, 1973; Filatoff, 1975; Hallam 1975, 1985). The
Jurassic floras were assigned to the GCM s vegetation categories based upon
fossil plant norphol ogi es and i nferences about their functional properties as
compared with nodern flora (B. Cornet, 1989, personal communication; E.
Mat t hews, 1989, pers. comm; A M Zegler, 1989, pers. comm). |In addition
to our original Jurassic experinment, we ran two other simulations in which we
nodified the vegetation distributions in order to test the climatic
sensitivity to such changes. The first of these sinmulations applied a
uni form vegetation over all continental regions, while the second tested the

sensitivity of a low latitude coastal clinmate to vegetation change.

Land and Sea |Ice

The geologic record contains no definitive tillites or glacial-marine
deposits of Early Jurassic age (Hallam 1985); thus, no conclusive evidence
exists for the presence of permanent |and or sea ice during this Epoch. This
evi dence does not rule out the possibility of seasonal ice formation, which
may account for potentially ice-rafted deposits of Mddle Jurassic age in
nort heastern Siberia (Frakes and Francis, 1988). However, diverse fossil
floras, sone of which have nodern relatives living in regions that rarely
experience freezing tenperatures, are found in coastal deposits of G eenland
and Antarctica at Early Jurassic pal eol atitudes above 60° (Barnard, 1973;
Frakes, 1979; Hallam 1985; Wesley, 1973). Ongoi ng pal eofl oral research

should give us nore detailed paleoclimate information from these high
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latitude sites (e.g., R Spicer and J. Parrish, personal communication) and
i mprove our understanding of the polar seasonal tenperature variations that
exi sted during the Mesozoic. Al though we do not initialize our sinulation
with snow cover, snowis fornmed by the GCM and does accunul ate over portions

of Pangaea during the wi nter nonths.

At mospheric Composition and Solar Radiation

In this sinmulation the atnospheric conposition and solar radiation are
set at present day values and current orbital paranmeters are used to
cal cul ate the seasonal and latitudinal radiation distribution. The forcing
for climte change originates, primarily, from the specified SSTs, |and
di stribution changes, and ice-sheet changes.

Al t hough geol ogi ¢ evi dence suggests that M I ankovitch-type variations did
occur during the Early Jurassic (O sen, 1986), our choice of nodern orbital
paraneters is arbitrary since the results are conpared with pal eorecords that
span 20 mllion years, accunmulating under nultiple earth-sun arrangenents.
Sol ar evolution theory suggests that solar luninosity has increased through
time (Newman and Rood, 1977), and nmany specul ations have been raised
regarding increased COp as a forcing mechanism for Mesozoic warm ng.
Unfortunately, there is no nethod to neasure trace gases or solar radiation
from the Jurassic record and, as a result, sensitivity experinents are
commonly used to investigate the climte effects of solar radiation and
at nospheric conposition changes (e.g. Barron and Washi ngton, 1985; Overpeck
and others, 1989). Previous sensitivity experinments have used explicit neans
of including COy (Barron and Washington, 1985), while others enployed sol ar
radi ati on changes to approxi mate COp increase (Kutzbach and Gallinore, 1989).
We have conducted four, Early Jurassic experinments with increased CO |evels

(2X,3X,4X, and 6X) using the explicit nmethod; however, specifying SSTs
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mninzes the climate effects by previously accounting for many of the COp-
i nduced feedbacks (sea ice decrease, water vapor increase), thus limting the
CO, effect to direct radiative heating (Sloan and Barron, 1990). It was
initially our intention to use the radiation inbalance of the nodel,
generated by including artificially warm SSTs (see below), to estinate past
ampunts of CO» ; however, for reasons discussed in this paper, such

experiments were not warranted.

Pal eocl i mate Data

Figure 2 shows a nap of climatically indicative sedinentary deposits from
the Early Jurassic Epoch which are used to test nodel results. The data were
sunmari zed from the pal eoclimte dataset conpiled by the Pal eogeographic
Atlas Project at the University of Chicago. Interpretations of paleo-
tenperatures are generally made from pal eofloral, paleofaunal and gl acial
deposits (or the lack thereof), while peat and coal deposits, evaporites, and
eolian deposits provide nost of the information about atnospheric noisture
Data such as these are the only true neans for testing GCM pal eoclimte
simul ations; however, the information they provide is sem -quantitative at
best, Iimting our ability to test the nodel's quantitative accuracy (Rind,
1990). Assi gning boundary conditions and testing nmodel results is also
limted by the lack of geologic data over large regions of Pangaea.
Utimately, the goal of paleoclimte nmodeling is to help fill these gaps and
to quantify the pal eorecord; a form dable task considering the sparsity of
the geol ogic record and the conplexities involved in quantifying pal eoclinmate

dat a.
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THE EARLY JURASSIC SI MULATION: GLOBAL RESULTS

Early Jurassic Warnmth: A Self-Sustaining Systenf?

The warm climate of the Early Jurassic, as sinulated in this experinent,
turns out to be self-sustaining. The global, annually averaged surface air
temperature in the Early Jurassic is 5.2°C greater than that of the contro
experiment although the vertically integrated air tenperature increases by
only 3.4°C (Table 2). These figures are roughly equivalent to the warning
generated by a doubling of COp in the A SS GCM (Hansen and others, 1984) the
maj or di fference being that the vertically integrated tenperature increase in
the Early Jurassic is not as great in proportion to the surface tenperature
i ncrease. The greater surface warnming is a consequence of using a surface
forcing mechanism nanely warner SSTs, to warm the atnoshpere. Speci fyi ng
warmer high latitude SSTs also inplies that the oceans were transporting
greater anpunts of heat poleward in the Jurassic than they do today.

Anot her consequence of specifying warner SSTs is that the amount of
thermal radiation generated by the Earth increases, leading to an inbal ance
in the net radiation (NR) of the planet, as neasured at the top of the
at nosphere. The net radiation is given by the sinple equation

NR = (ISR - (ETR + (COTR)
where ISR is the incomng solar radiation, ETR is the exiting thermal
radiation, and CO; TR is the additional radiation trapped when CO, levels are
increased. Prior to running the sinulation we expected that the NR would be
negati ve because we artificially increased the thermal radiation exiting the
pl anet, but did not increase the incomng solar radiation or the anmount of
atmospheric CO. Qur intention was to conpensate for that negative inbal ance
by increasing atnmospheric COp in subsequent simulations until COTR increased

to the point where the nodel was equilibrated again. Balancing the warm SSTs
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using this method, we thought, would produce an Early Jurassic sinulation
which did not need artificially mintained SSTs, and would yield a
guantitative estinmte of Mesozoic COp |evels.

Significantly, and somewhat surprisingly, the natural climate feedbacks
in the system (di scussed bel ow) bal anced the negative net radiation caused by
the warm SSTs. This inmplies that no additional COp was needed to
mai ntain the Early Jurassic global warnth. In fact, the net radiation
was positive by 4.0 Wit 2. This inmplies that, had we allowed the SSTs to
adjust, not only would they maintain their specified tenperatures, but they
woul d actually continue to warm until the ocean surface emtted a |evel of
thermal radiation that balanced the positive radiation effect of the
f eedbacks. Since the sensitivity of the G SS GCM yields a 1°C atnospheric
warnming for every +1 Wit 2 the ultimate warm ng in the sinmulation could have
been as nmuch as 9.2°C (5.2°C plus 4°C associated with the radiation
i mbal ance).

We will defer npost of the discussion of these results to R nd and
Chandl er (1991) and Covey (1991). However, we point out that if these
results are valid; that the Early Jurassic warning can be sustained purely by
i ncreasi ng ocean heat transports, then many of the warm climtes of the past

m ght be expl ai ned solely by changes in ocean circul ation.

Climte Feedbacks Related to Early Jurassic Warm ng

Two feedbacks are prinarily responsible for the above result. First, the
elimnation of sea and land ice, a result of the warm polar SSTs and the
equatorward shift of Antarctica, decreases the surface al bedo allow ng nore
of the sun's energy to be absorbed by the planet. This increases
tenperatures at high latitudes and | eads to a decrease in the anmount of snow

accunmul ation during winter, further reducing surface albedo. Utimtely,
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gl obal surface al bedo was decreased by 2.8% (Table 2) in the Early Jurassic
simul ation, despite an al bedo increase at |ow |latitudes caused by the |arge
highly reflective desert regions. The second, primary climte feedback
i nvol ves at nospheric noisture. In the Early Jurassic sinulation absolute
hum dity (a neasure of total atnospheric water content) rose by 19% (Table
2). As atnospheric tenperatures increase the water holding capacity of the
at nrosphere also increases (see "Cl ausius-Clapeyron equation", Willace and
Hobbs, 1977). Water vapor is a strong greenhouse gas which resides
predom nately at low levels in the atnosphere, thus trapping heat and raising
tenperatures near the surface. Previ ous nodeling studies have found that
i ncreased water vapor nmay, eventually, be the nobst inportant cause of future
gl obal warm ng (Hansen and others, 1984), a hypothesis that is supported by
findings from the Earth Radiation Budget Experinment (ERBE) (Raval and
Ramanat han, 1989). |In light of these findings it is not surprising that the
wat er vapor feedback seems to have been an inportant factor in the warm
climate of the Early Jurassic

Secondary effects also play a role in the global warm ng. In the high
| atitudes surface tenperatures and atnospheric moisture levels rise due to
the increase in sensible and |atent heat transfer between the open, warm
pol ar waters and the atnosphere. Total cloud cover also decreases (Table 2)
significantly due to the increased water holding capacity of the atnobsphere
(or perhaps despite it). Simulations of the current climte show that
cl ouds, overall, cool the atnosphere because the reflective properties of |ow
| evel clouds outweigh the heat trapping ability of high level clouds
(Ramanat han and ot hers, 1989a; Rananathan and others, 1989b). However, in
many warnmer climte sinulations (i.e., Cretaceous, doubled CO) |ow |leve

clouds tend to decrease more than high clouds, providing a positive feedback
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that enhances gl obal warming (Barron, 1980; Hansen and others, 1981, 1984;
Rind, 1986). Similarly, in the Early Jurassic sinulation, cloud anounts over
both land and ocean are reduced at low and md levels in the atnosphere.
Consequently, planetary albedo decreases by nearly 4 percent (Table 2),

addi ng yet another positive feedback to the atnospheric warning trend.

Gl obal Hydrol ogical Cycle

Al though the Early Jurassic atnosphere has a hi gher water vapor content,
the increased atnospheric noisture does not necessarily translate efficiently
into increased precipitation. The 19% increase in absolute humdity is
acconpanied by only a 1% increase in relative hum dity because the warner
at nosphere is capable of holding nore noisture. Thus, the globally averaged
precipitation rate increases by only 0.15 mmday (4.8% over the contro
experinment (Table 2). dobal precipitation is linked primarily to the anount
of evaporation occurring over the oceans, which depends upon wi nd velocity,
the drag coefficient (which increases with increasing wind velocity), and the
tenmperature difference between the sea surface and the surface air. In the
Early Jurassic sinmulation the difference between the surface air tenperature
and sea surface tenperatures increases slightly. However, the decrease in
gl obal wind velocities, and therefore the reduced drag coefficient, offsets
nost of the tenperature effect in the nodel. The result is a relatively
m nor increase in evaporation (2.4% over the oceans, thus linmting the
precipitation increase.

The G SS GCM includes representations of two types of clouds. Lar ge-
scale clouds, simlar to those produced by md-latitude cyclones, and
convective clouds. The convective clouds are responsible for about 90% of
the global precipitation. dobally averaged, both |arge-scale and convective

cl oud anmpunts decrease in the Early Jurassic sinulation conpared with the
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control experinent. G obal precipitation from large-scale clouds also
decreases by about half, however, convective cloud precipitation increases hy
al rost 10% Notably, this increase in convective precipitation is unevenly
distributed; illustrated by a |arge increase over the ocean and a significant
decline over the continent. This indicates that the net transfer of npisture
from ocean to land was nmuch less in the Early Jurassic than at present. In
part this result can be attributed to the supercontinent configuration, which
i ncreases the nean di stance between the continental interior and the ocean.
It is inmportant to point out, however, that precipitation over the continents
in the GCM is sensitive to the types of vegetation specified for the ground
hydr ol ogy schene. The significance of assigning accurate vegetation was
demonstrated in a sensitivity experiment in which we replaced the Early
Jurassic deserts with grassland hydrology characteristics. In that
simul ation, continental precipitation was reduced only about one-sixth of the
amount that it decreased in the original Early Jurassic run.

In addition to the reduced precipitation, the potential rate of
evaporation also increases in the warner climte, a factor that nust
ultimately be considered if we wish to fully understand the availability of
noi sture on the continent. Rind and others (1990) have shown previously that
a positive correlation exists between increases in global tenperature,
potential evaporation, and the occurrence of severe drought in a doubled COp,
warm cli mate. Simlarly, for the warnmer Early Jurassic climte, increased
potential evaporation could further exacerbate the drying of the continent
i ndicated by the precipitation reduction. Tenperature distributions over
Pangaea (see discussion below suggest that the effect is potentially
i mportant, particularly in low latitude regions. Al t hough the potenti al

evaporation val ues calcul ated by GCMs cannot be used directly due to various
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complexities (Rind and others, 1990), potential evaporation can be estinmated

using enpirical bioclimatic fornulas, a nethod we enploy in our study.

Gl obal Atnmospheric Circulation

In figure 3a we show the longitudinally-averaged nass stream function
which is useful for exam ning the properties of the general circulation of
t he at nosphere between the equator and poles. Conparisons with the control
experiment (see Rind, 1988) show that the intensity of the low latitude
Hadl ey cell decreases significantly in the Early Jurassic simulation conpared
with the present. The decrease in latent heat flux in the tropics is
responsi ble for nmost of this reduction. Al though the intensity decreases,
the Hadley cell in the wi nter hem sphere expands poleward by a few degrees,
and extends farther across the equator into the summer hem sphere. Extension
into the sunmer hem sphere is primarily caused by the deep |ow pressure
centers that form over land in summer and which divert the intertropical
convergence zone (1TCZ) poleward. The pol eward expansion occurs at the
expense of the mid-latitude circulation cell (known as the Ferrel cell) which
is completely absent in the winter henisphere and is significantly weakened
in the summer heni sphere. The Ferrel cell is driven primarily by energy
transported in atnospheric eddies (Rind and Rossow, 1984) and the decline in
eddy energy suggests a decrease in md-latitude storns, which are a common
exanple of kinetic energy transported as eddies. Several climte change
simul ati ons have indicated a connection between eddy energy (or storm
activity) and the latitudinal tenperature gradient (R nd, 1986, 1987a, 1987b;
Manabe and Broccoli, 1985). In sensitivity experiments using altered SST
gradients with the Early Jurassic boundary conditions we found further

evi dence of this correlation. These experinents showed that a 5°C decrease
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in SST gradient was acconpanied by a 14% drop in eddy energy and a 15°C
gradi ent reduction dropped eddy energy by an additional 25%

Prevailing westerly jet streanms are the major feature of the Early
Jurassic zonal nmean wind field (Fig. 3b) and, |ike today, they are centered
at upper levels in the md-Ilatitudes. The wind intensities are, however,
reduced 30 to 50 percent conpared with their present day counterparts. At
subtropical latitudes the loss of energy in the zonal winds is directly
related to the weakening of the Hadley cell, while farther poleward, in the
upper md-latitudes, the reduction in eddy energy convergence (discussed
above) is the major cause of zonal w nd depletion. The decreased jet
intensities in the md-latitudes are also consistent, through the thernal
wind relationship, with the reduction in the vertically averaged | atitudinal
tenmperature gradient (see Barron and Washi ngton, 1982a; Holton, 1979). The
zonal winds are weakest in the southern hem sphere because the northward
di spl acement of Antarctica, the lack of high latitude ice, and the warm pol ar
SSTs cause the tenperature gradient to be reduced more in the southern
hem sphere. Over the continent, and particularly during winter, the
temperature gradient is large, thus strengthening the jet stream (see Fig.
6b) .

At high latitudes, the warm polar waters reverse the nornmal |atitudinal
tenperature gradient creating polar easterlies at all heights, while over the
low latitude continent an easterly jet appeared in the Early Jurassic
simul ation (see Fig. 6b). This jet is the upper branch of a | ongitudinal
circulation cell which is generated by the coupling of intense convection
over tropical Pangaea wi th subsidence over cool waters in the eastern
Pant hal assi ¢ COcean. On the surface the longitudinal circulation cell

generates westerly wi nds across and just west of the low latitude continent.
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The cyclonic subtropical circulation over southern Pangaea adds to this
westerly wind flow and together the two effects reverse the normal, trade
wind pattern (see figure 6a) across the continent. Although w nds over the
oceans reveal a typical trade wind pattern these low |atitude westerlies are

strong enough to affect the zonal average.

THE EARLY JURASSIC SIMULATION: REGH ONAL RESULTS

The regional expression of clinmate depends upon nultiple feedbacks just
as does the globally averaged clinmate. However, regional patterns are
controlled to a greater extent by features such as geography and topography,
the extent of epeiric seas, sea surface tenperatures, and the vegetation
distribution. daciation and sea ice are also proninent controls on regional
climates, although in the Early Jurassic sinulation they are conspicuous only

by their absence.

Western Pangaea: The Low Latitude Continent

Surface air tenperatures are warnest in the low latitudes over the
continent with nonthly averaged maxima in the subtropical regions (Fig. 4).
These maxima are in excess of 35°C and result from a conbination of high
solar insolation in the subtropics and the |ow heat capacity of the
continent. Average sunmer tenperatures that exceed 25°C extend well into the
md-latitudes, 10° to 20° farther poleward than in the present day climate.
The warm surface tenperatures create instability in the atnmosphere,
generating deep |low pressure cells during summer in the subtropics of western
Pangaea (Fig. b5). Col der winter tenperatures nmaximze the atnospheric
stability, thus the summer |ow pressure cells alternate seasonally wth

Wi nter high pressure cells. The high pressure centers are |located 15° to 20°
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pol eward of the peak lows in response to the winter cooling at high
latitudes.

The pressure cells influence the surface wind flow (Fig. 6a) over the
continent to the extent that trade wi nds, which are well devel oped throughout
the year over the ocean, are severely modified over the continent (see
di scussi on above). The surface flow is nore intense in the southern
hem sphere, responding to the enhanced tenperature and pressure fields over
the el evated Gondwanan Pl at eau. A simlar process occurs over the Tibetan
Plateau in the current climate (Druyan, 1982a, 1982b; Ruddi nan and Kutzbach,
1989).

One consequence of this surface flow pattern is that very little noisture
is directed towards the interior of the continent in low I|atitudes.
Therefore, despite the presence of |ow pressure in subtropical regions, the
| ack of noisture convergence results in a reduction of total cloud cover
across western Pangaea (see table 2). Decreased storm activity, related to
the decrease in the vertically-averaged equator to pole tenperature gradient,
further reduces md-latitude cloud cover. The greatest reductions occur in
low level clouds (Fig. 7a), although nmoist convective cloud anounts decrease
t hroughout the tropics as well. Hi gh level clouds (Fig. 7b) are reduced on
the western side of the continent but are increasingly present towards the
Tethys Ocean and within the tropical zone where warm SSTs and high
evaporation rates provide noisture to the atnosphere, creating the conditions
for deep convection which transports the noisture to high altitudes. The
change in | ow cl ouds reduces the al bedo over western Pangaea, which acts as a
positive feedback to warming in that region. The lack of clouds also inplies
a simlar lack of rainfall in the region and the precipitation results shown

in figure 8a are consistent with this suggestion. Vast regions in the
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western | ow |atitudes of Pangaea receive less than 250 mm of rain annually
(0.7 mm day). Generally, regions receiving so little rain cannot support
vegetation and this lint is comonly used to define arid zones (Bates and
Jackson, 1980; dennie, 1987).

Despite the sinlarity between the hem spheric patterns, a substanti al
degree of asynmetry exists, caused by |and-sea distribution and topographic
di fferences. The epeiric seaway that extends northwestward from the Tethys
Ccean acts to narrow the |ongitudinal extent of the continent in the northern
subtropics (see Fig. 1). This inparts a nore maritime climte to that
region, resulting in subdued seasonal pressure and tenperature variations.
South of the equator the higher elevation of the Gondwanan Pl ateau enhances
the seasonality. The plateau intensifies the cyclonic flow above the
subtropical low in sumrer and pulls |large anbunts of noisture off of the warm
low latitude Tethys Qcean, generating nonsoon conditions over the sout hwest
Tet hys coastli ne. Coastal topography and the Hadley circulation reinforce
the rising notion caused by heating over the continent in winter, resulting
in increased cloud formati on and higher precipitation rates in a 1500 km wi de
zone along the southwestern Tethys coast. On the opposite side of the
Gondwanan Pl at eau, al ong Pangaea's west coast, a simlar surface flow pattern
generates increased precipitation. However, naxinmum precipitation values are
| ower than on the Tethys coast because cool SSTs in the eastern Panthal assic

Ccean reduce evaporation and decrease convection in this region

Nort hern Pangaea: The Md and High Latitudes

The climatic patterns over the northern Pangaea are controlled, to a
| arge degree, by the presence of the epeiric seaway and by orography. Sea
| evel pressure contours (see Fig. 5) parallel the shoreline of the epeiric

sea, indicating its role in separating the northern henm sphere pressure
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centers. This effect is nost evident during w nter where the warm SSTs
inhibit the formation of high pressure over the region surrounding the
seaway. In marked contrast, the colder tenperatures over the eastern portion
of northern Pangaea stabilize the continental air masses, generating high
pressures. To the west of the seaway, anticyclonic circulation around a weak
hi gh generates northeasterly wi nds which join the trade wind circulation in
the subtropics. As these winds cross the epeiric sea they evaporate |arge
guantities of water fromthe surface (Fig. 8b), which condenses as the flow
reaches the coastline and rises over the colder continental air mass. Figure
8a shows the extrenely high precipitation rates (up to 8 mmiday) that are
generated in this manner on the sout hwest coast of the epeiric sea. Duri ng
the sunmer, high pressure over the polar ocean and |ow pressure over the
western Tethys and low |latitude Pangaea create a north-south pressure
gradi ent which generates southerly surface winds along the axis of the
epeiric seaway. Despite the warnmer sea surface tenperatures and high
evaporation rates, sumrer precipitation rates are nuch lower than in wnter
because of the relative | ack of onshore flow

East of the epeiric sea the continental clinate is controlled primarily
by pressure cells that develop over the high topography on the far eastern
portion of the peninsula. During winter, the reduced seasonal insolation,
the high elevations, and the expansive |andmass create extrenely cold
tenmperatures north of 45°N (see Fig. 4). Approximtely 75% of the northern
peninsula is covered by belowfreezing tenperatures throughout the w nter,
with the coldest surface tenperatures (-30°C) |ocated over the high latitude
nountains in the northeast. The resulting high pressure and stability of the

winter air mass in northern Pangaea, along with the |ow npisture hol ding
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capacity of the cold air, are responsible for the weak winds and the low rate
of winter precipitation across the northern interior.

I ncreased solar radiation during summer intensifies heating at the
surface and summertinme tenperatures range from 10°C near the pole to 30°C in
the southcentral portion of the peninsula . The warm tenperatures generate a
di ffuse | ow pressure zone over the continent that deepens above the higher
el evations in the east. Despite the dom nance of one, large |ow pressure
system the sunmertinme precipitation field over the northern interior is
divided into three |ongitudinal segnents. The western segnment is delineated
by the epeiric sea to the west and the ancient Ural Muntains to the east.
In this region surface and upper |evel w nds advect noisture fromthe epeiric
sea and northwest bay up to 2500 kiloneters into the peninsula. Eventually,
di stance fromthe source and increasing elevation prevent further penetration
into the continental interior. East of the Urals, in the central segnent of
the continent, elevation drops and the air subsides and warns, suppressing
condensation across the southcentral |ow ands and southcentral Tethys coast.
In the northcentral region northerly w nds, generated by the |ow pressure

further east, force cooler, nore stable air into the central |ow ands

enhancing the aridity of the continental interior. Seasonal | y averaged
sumrer tenperatures in the interior reach 30°C in sone grid boxes. These
hi gh tenperatures result, in part, from high sensible heat fluxes which

devel op because coastal nountain ranges block noisture from reaching this
regi on, thus decreasing evaporative cooling of the surface. Most of the
noi sture in the far eastern portion of northern Pangaea is supplied by the
advection of npisture from the Panthal assic and Tethys COceans, while |oca
precipitation maxim result as these npoisture |aden air nasses nove up the

stoss sides of individual nountain ranges.



-27-

Seasonally alternating cyclonic and anticyclonic circulations are
established around the eastern pressure centers and have a particularly
i nportant effect on the southeast Asian portion of northern Pangaea. That
region is geographically situated such that, during winter, anticyclonic flow
carries noist air off of the western Panthal assic Ocean onto the continent,
whil e during sumer continental heating generates cyclonic flow producing
nonsoon w nds that originate over the Tethys Ocean. The result is that
intense rains affect southeastern Asia during both seasons. In addition,
during sumer, the nonsoon extends north along Panthal assa, bringing high
precipitation to the upper md-latitude and high |atitude eastern coastline

(see Fig. 8a).

Sout hern Pangaea: The Md and High Latitudes

The synmmetry of Pangaea, with respect to the equator, and the symmetri cal
nature of the general circulation on Earth suggests that climtes over
northern and southern Pangaea would be simlar. Certainly, broad
simlarities do exist. However, the lack of a bisecting epeiric sea and the
di stinct orography of the southern henisphere inpart a unique climtic
pattern to the southern continent (see figures 4-9). As in the northern
hem sphere, pressure centers are |localized above high topography regions, the
winter high pressure cells being shifted poleward from the sunmer | ows.
Bel ow-freezing surface air tenperatures extend across nost of southern
Pangaea during wi nter, although seasonally averaged coastal tenperatures
remai n above freezing at all latitudes (instantaneous tenperatures along high
| atitude coasts drop bel ow 0°C periodically).

The cold tenperatures, high pressures, and generally |ight w nds over
sout hern Pangaea in winter create a radiatively and dynanmically stable

situation that limts noisture exchange during that season. Precipitation
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contours generally parallel the coastline with higher precipitation anmounts
al ong the Tethys where SSTs are warmest. During sunmer, nonsoon circul ations
are responsible for increases in southern hemi sphere precipitation. Cyclonic
circulation about the subtropical |low in southwestern Pangaea causes surface
wi nds over the western Tethys Ocean to flow southward where they encroach
upon Pangaea in the region of the Indian subcontinent. Precipitation al ong
that coast exceeds 8 nmmday during sumer and, due to the |ow coasta
t opography, noisture penetrates well into the southern interior. It is
primarily due to this nechanismthat the interior region of southern Pangaea
receives nore precipitation, annually averaged, than does the northern
interior. However, this nonsoonal circulation also causes greater seasona
variation in the precipitation field of the southern heni sphere.

Monsoons al so affect the easternnost portion of southern Pangaea, again
driven by a summertine |ow pressure cell. Longshore, westerly winds in the
sout hern Tethys COcean intersect the continent at its easternnost extent and
strong polar easterlies, turned equatorward by the sanme |ow pressure cell
nove inland over the southeastern coast. Not surprisingly, the flow fromthe
warm southern Tethys carries a great deal of noisture, which subsequently
condenses, thus increasing |low |level cloud cover and precipitation rates over
the continent. Wnds fromthe polar ocean, despite their cooler source, also
cause a prom nent summer precipitation maxi num over southeastern Pangaea

primarily as a result of uplift of the air by coastal nountains.

COMPARI SONS W TH THE GEOLOGI C RECORD

By virtue of their sinplified nature, previous nodels of Pangaean clinmate
(Crowl ey and others, 1989; Kutzbach and Gallinore, 1989) produce results that
are not easily conpared with the geologic record at the regional |evel

Rat her, they are idealized versions of the Pangaean climte that can be used
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to gain insight into supercontinent-type climte processes. The sinulation
presented here attenpts to produce a version of the Early Jurassic clinmte
that, within the limtations of the GCM and the geologic record, is a
"possi bl e" Pangaean clinate. Certainly, our sinmulated climte is not the
"true" Early Jurassic climte because our ability to assign boundary
conditions, such as topography and sea surface tenperatures, is linted.
However, conparisons between results and the geologic record are intended as
an integral part of this experinment because they help us to recognize points
in the sinmulation that require inprovenent. Eventually, nodel results should
prove wuseful for interpreting conflicting geologic signals and for
identifying key study sites as well as allowing us to nore fully understand
the causes, effects, and feedbacks that are responsible for the paleoclimte

record.

Surface Air Tenperature Estimates for the Early Jurassic
The | arge seasonal variation in surface air tenperature simulated over
the Early Jurassic continent is not consistent with paleoclinmte data
predictions for the Mesozoic, a finding that Kutzbach and Gallinore (1989)
also noted in their Pangaean sinulation results. Maxi mum seasonal
tenperature ranges for the Early Jurassic exceed 45°C (Fig. 4) over high
|atitude continental interiors, a value simlar to the present day
seasonal ity over Siberia. Certainly, such extrenmes are not consistent with
the widely held view that Jurassic climtes, including those of the
continental interior, were equable (Frakes, 1979; Hallam 1985).
The Jurassic equability hypothesis is supported by fossil evidence for
diverse floras as far north as 75°N (Novosibirskiye, U S. S.R) and as far
south as 63°S (Graham and, Antarctica)(Hallam 1975), and by the fact that

warm wat er corals extended up to 10° pol eward of their present range (Frakes,
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1979). However, these sites are coastal |ocations, where seasonality would
be at a mininmum particularly if SSTs were warner than at present. Bar nar d
(1973) sees sone evidence for Early Jurassic continental seasonality in the
northern heni sphere floral record and tree rings in conifers attest to sone
degree of seasonality (Vakhranmeev, 1964, 1965). However, it is not clear
whet her the flora are reacting to tenperature or noisture changes. In
addition, these sane authors inply that the degree of seasonality was reduced
conpared to its present range. Whil e nore pal eontol ogical evidence will
i mprove our understanding of seasonal climate variations, the available data
seens to support a reduction in seasonal tenperature range over continents
for nuch of the Mesozoic and early Cenozoic (Frakes, 1979; Sloan and Barron

1990) .

Hum dity and Aridity in the Early Jurassic

The map of pal eoclimate indicators, shown in figure 2, consists primarily
of peat (p) and coal, and evaporite (e) deposits, because they provide the
nost unequi vocal evidence of humid and arid conditions, respectively. Peat
and coal deposits inply year round rainfall and/or |ow evapotranspiration
rates since a necessary requirenment for their formation is persistent wet
ground conditions (Hallam 1984; Parrish, 1988). Evaporites are indicative
of environnments where the rate of evaporation exceeds that of precipitation
plus inflow of water (Gordon, 1975). Restricted marine basins, tidally
i nfl uenced coastlines, and interior drainage basins are environnents that
comonly support evaporite formation. W rely less on other paleoclimte
i ndi cators because they are not as easily related to clinmte variables
However, kaolinite dominance in clay m neral assenblages, and the presence of
bauxites and ironstones are generally indicative of humd continental

condi tions, and eolian deposits suggest continental aridity. Hal | am (1984)
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and Frakes (1979) give detailed reviews of the paleoclimatic inplications of
each of these deposits.

Fi gure 9a shows the annually averaged precipitation ninus evaporation (p-
e) values for the Early Jurassic simulation. Negative values of p-e are
commonly used in pal eoclimte nodeling studies as a neans of identifying arid
regi ons, however, this diagnostic must be viewed with caution. It is
actually a proxy for a nore accurate definition of aridity, which states that
the rate of precipitation mnus the potential rate of evaporation (ep) nust
be negative. Unfortunately, GCMs produce values of ep over land that are
unrealistically large (Delwrth and Manabe, 1988; Rind and others, 1990) due,
in part, to the lack of realistic vegetation in GCMs. Thus, the node
deri ved p-ep val ues cannot not be used directly to define arid regions. An
alternate method, and one which we have found yields a nore accurate
portrayal of aridity than either of the above nethods (Chandler, 1989), uses
the nmodel's precipitation mnus potential evaporation values that are derived
from a enpirical bioclimatic fornmnula. We use the bioclimatic schene of
Thornt hwaite (1948) which cal cul ates potential evaporation using surface air
tenperature as its only input. All tenperatures are supplied from the GCM
si mul ati on. The difference between precipitation and the Thornthwaite/ GCM
potential evaporation (p-etp) is shown in figure 9b

The | arge-scale pattern of Jurassic aridity and humidity, as derived from
this nethod, is in good agreement with that derived from the pal eoclimte
record and reported by several authors (Hallam 1975, 1984, 1985; Parrish and
ot hers, 1982; Robinson, 1973). Western Pangaea was extrenely arid across the
md and low | atitudes with increasing humdity towards higher latitudes. The
eastern sections of Pangaea are nore humd, particularly in coastal regions

and in regions where nonsoon rains dom nate. This is sinmlar to the gross
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pattern found by Kutzbach and Gallinore (1989) using their idealized Pangaean
nodel . Qur sinmulation differs significantly, however, from their idealized
version when regional climatic aspects are eval uated. In the follow ng
sections we present regional conparisons between the geologic data and our
sinmulation results.

Hum d Regi ons. Hi gh precipitation and positive p-eTh values (Figures
8a and 9b) indicate that the peat and coal sites in Midagascar, India, and
Australia (Gondwana continents), and in Canada, G eenland, Europe, and
sout heast Asia (Laurasian continents), lie within humd regions. However,
hi gh evaporation rates in the northwest Tethys and across nmany coastal
regi ons generate negative p-e values (Figures 8b and 9a) that overlay sone
coastal coal deposits. The regions in the nodel which receive year-round
rainfall tend to have the | argest concentration of major coal deposits. In
particular, the region of extensive coal deposition in southeast Asia
corresponds very closely with the nost humid region of northern Pangaea in
our simnulation. M nor coal deposits located in Iran (the equatorial island
in the western Tethys, see figure 2) are consistent with the sinulation
however, they are probably out of position in our reconstruction since recent
evi dence suggests that the lranian mcrocontinent was probably 25° further
north, adjacent to the northern peninsula (Z egler, personal conmunication).
This new position renoves them from their paradoxical |ocation adjacent to
nmaj or evaporite deposits, yet still places themin a sinulated hund region

Despite consistency between nost of the peat and coal record and the
simul ated noisture distribution over |and, two regions cannot be reconciled
with our sinulation. One site, in Mexico, lay on the equatorial Pathal assic
coast during the Early Jurassic. The second, in the southern U S . S. R, was

located in the interior of northcentral Pangaea. The coal deposits in Mxico
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(Erben, 1957) lie in a zone where the sinulated precipitation rate is
approxi mately 2 miday, however, high evaporation rates result in negative p-
e and p-eTh balances (see Fig. 9b), indicating that the environnent was
probably arid despite the high rainfall anounts. These coal deposits are
m nor and nay represent nothing nore than a local climte or depositiona
envi ronnent anonal y. Nevert hel ess, their position on the west coast and on
t he equat or suggests another possible explanation. Zegler and others (1987)
stress the inportance of the overlapping zone of the seasonally mgrating
| TCZ for maintaining year-round wet conditions and potential coal form ng
envi ronnents. In our simulation the ITCZ nmakes |arge excursions over the
continent, and therefore, has virtually no overlap zone except for a small
area that exactly corresponds to the position of the Mexican coals (see Fig.
6a) . Slightly higher precipitation rates in this region conpared to
surroundi ng regions probably result from ITCZ and coastal orographic
i nfluences. However, the inability of the GCM to sinulate this region as
humi d probably results fromthe coarse grid size of our nodel, which diffuses
both the | TCZ and orography.

The peat deposits in the U S. SR are nore problematic since they lie
within an extensive arid region far fromthe tropics. These are nmjor coa
deposits and are difficult to explain in an arid environnment. Si nce
t opogr aphy focuses the nbnsoons away fromthis area and al so bl ocks npisture
advection from the east, west, and south, it seens possible that the dry
interior conditions sinmulated for northern Pangaea are incorrect and result
from overestimati ng el evations of nountains in the north. In a sensitivity
experinent in which we set the topography equal to 10 neters everywhere, the
noi sture reaching the coal formng regions of the continental interior was

found to increase. However, renoving the orographic influence also reduced
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the | and-sea pressure differential which reduced the seasonal nopbnsoons and
resulted in a decrease in precipitation across the far eastern half of the
continent, leaving that region drier than would be expected considering its
significant peat deposits.

We suggest that another possible reason for the deposition of the Soviet
peat deposits (as well as other interior coals) is the presence of inland
bodi es of water which are not accounted for in the coarse grid scale of the
GCM  The peats thensel ves suggest the presence of npist ground conditions,
and | akes or swamps mght have been maintained by runoff from heavy
precipitation and snow nelt in the nountains to the east. Although ancient
drai nage patterns are uncertain, the reconstructed topography inplies that
much of northern Pangaea may have drained interiorly. Wen we calculated the
noi sture balance (MB = the sum of precipitation + surface runoff -
evaporation) for the central |ow ands of the northern peninsula we found
that the noisture surplus in the interior of northern Pangaea is 20.7 nm day.
Cal cul ations of the npisture balance using the Thornthwaite/ GCM potenti al
evaporation in place of evaporation still show that the annually averaged
noi sture surplus is alnost 15 nm day, sufficient to naintain standing water
under nearly any drai nage conditions.

Arid Regions. Perhaps the best known stereotype of the Jurassic
climate is that it was extrenely arid. This hypothesis is based on the |arge
volunme and areal coverage of Jurassic evaporite deposits (Gordon, 1975),
eolian sandstones (Blakey and others, 1988), and on qualitative and
gquantitative nmopdels of the Jurassic climte (Hallam 1985; Kutzbach and
Gallimore, 1989; Parrish and others, 1982). Most authors attribute the
aridity to the vastness of the supercontinent and its relative position in

the trade wind belt. Yet, the greatest expanse of evaporites are Md and
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Late Jurassic in age and were deposited |ong after the breakup of Pangaea had
begun (see Hallam 1984 for a discussion of this paradox). 1In fact, the Late
Triassic and Early Jurassic were, relatively, less arid than surrounding tine
periods. Adding to the curiosity of Early Jurassic aridity is the fact that
the median l|atitude of evaporite deposition was 15°, far nearer to the
equat or than the present 35° (Gordon, 1975), and indicating that significant
evaporite deposition occurred in a zone that is currently hunid

The hi ghest concentration of Early Jurassic evaporites are found in north
Africa, northeastern North Anerica, and Saudi Arabia, where they were forned
in lakes, restricted marine basins, and sabkha environnments surroundi ng the
western Tethys Ocean. Thr oughout nmost of these regions our sinulation
confirnmse the widely held view of extreme tropical and subtropical aridity
during the Early Jurassic. By all definitions, nobst of western Pangaea
equatorward of 35° is extrenely arid, while the region surrounding the
nort hwest Tethys, despite receiving heavy precipitation, has even higher
sinmul ated evaporation rates, yielding negative p-e and p-egnh values on an
annual 'y averaged basis (see Fig. 9). The expansive eolian deposits of the
sout hwestern United States and those in the Bay of Fundy region also lie
within the sinulated arid region, as do ancient dune deposits in southern
Africa. In addition, sinmulated surface winds over the Early Jurassic
sout hwestern United States are consistent with nmeasurenents taken by Peterson
(1988) of paleowind directions fromcross-strata (conpare with figures 13 and
14 in Parrish and Peterson, 1988).

The nobst severe inconsistency between our sinulation and the pal eoclimate
record occurs along the tropical Tethys coast, south of the equator, where
extensi ve Saudi Arabian evaporites provide conclusive evidence for |ow

latitude aridity. In this region our sinulation shows that high
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precipitation rates result from both summer and w nter nonsoons. The
strength of the monsoon rains is partially related to the size of the
Gondwanan Pl ateau, bringing into question the prescribed 1000 neter el evation
of the plateau. Qur 10 neter topography sensitivity experinment (nentioned
previ ously) shows reduced rainfall in the region but the reduction is not
sufficient to generate negative p-e or p-eTh values. Overestimated SSTs
along the coast mmy also be responsible for the high precipitation rates.
Scotese and Sumrerhayes (1986) predicted that ocean upwelling could have
occurred along this coast, which suggests that offshore waters may have been
much cooler. Since the moisture for this region is derived alnost entirely
from the east, cooler coastal waters would reduce |ocal convection and the
anmount of noisture in the air to the east, thus reducing coastal rainfal
amounts. Simlar scenarios in the current climate affect the Nanmib and Peru-
Chile desert regions. In a sensitivity experinment we reduced the sea surface
tenperatures by 2°C in the coastal grid boxes of the southwest Tethys and
found that the p-e, annually averaged, over the entire coast decreased 1.2
nm day. Local decreases were up to 3.2 mfday. Both changes were enough to
yi el d negative p-e values for the region.

Finally, it is inportant to note that, while continental aridity was
apparently higher than average during the Jurassic, the Earth as a whol e was
probably less arid. We woul d expect the warner atnosphere to hold nore
noi sture, and our sinulation indicates that this is the case (see table 2).
I ncreased evaporation over the oceans leads to an equival ent precipitation
i ncrease gl obally. We find that global precipitation increases by 0.15
nm day conpared to the current climte. However, the relatively snal
absolute rainfall values over land inply that continental aridity is aided by

a reduction in the transfer of noisture from ocean to | and. Thi s concl usi on
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is not surprising since many authors have hypothesized that a supercontinent
woul d be drier due to the decreased coastal perineter. It is inportant to
note that, had nonsoonal activity not increased precipitation dramatically in
sone regions, the continent would have been much drier on the average

Considering the intensity of the humidity in regions dom nated by nobnsoons,
and the intensity of the aridity in other regions, Pangaea clearly
experienced severe geographic extrenes of climate in the Early Jurassic. As
with surface air tenperature results, therefore, the hydrol ogical cycle
results suggest that the character of the Early Jurassic climate is not one

of equability.

Di scussion: The "Equable" Nature of the Early Jurassic Climte

The wel | -docunent ed occurence of vast evaporite deposits as well as thick
coal deposits on Pangaea suggest that few would refute the claim that
Jurassic climtes were not "equable" with respect to npisture conditions
The di screpancy between air tenperatures interpreted fromthe geol ogic record
and those sinulated in clinate nodels continue to be a subject of intense
debate (see Sloan and Barron, 1990). 1In addition to our Jurassic sinulation,
Permi an, Triassic, Cretaceous, and Eocene sinulations have all found extreme
continental seasonality (Barron and Washi ngton, 1982b; Flening, 1983; Crow ey
and others, 1989; Kutzbach and Gllinmore, 1989; Sloan and Barron, 1990), and
these experinents span four different clinmate nopdels. On the other hand
pal eoclimate data from the continental interiors, while sparse, include
crocodil es and subtropical paleofloras (Lefeld, 1971; MacGnitie, 1974
Wl fe, 1978; Markw ck, unpublished data) which are difficult to equate with
the climates indicated by nodels.

How then can we explain the apparent contradiction between the

pal eoclimate data and climte nodel results? If the continental interior
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climtes truely were equable, then climte nodels nust 1) lack a fundanental
physical process or 2) lack the appropriate boundary conditions for nodeling
the continental clinmates of the past. Al t hough the nodeling of physical
processes in GCMs will certainly undergo inprovenment over the next decade

there are not any forseeable additions to their forcing and feedback factors
that will influence continental interior climtes dranmatically. Sensitivity
tests with devel opnmental versions of the G SS GCM include coupled ocean
model s, nore detailed ground hydrology routines, inproved cloud
paraneterizations, and finer resolution grids, yet they do not dramatically
change the sensitivity of continental interior tenperatures (R nd, 1987b, and
unpublished GISS GCM results). Furthernore, current GCMs generate
generally realistic continental interior tenperatures for the present day
climte, inplying that, if the problemlies with the nodels, it is probably
related to uncertainties in pal eo-boundary conditions. Foll owi ng the sanme
reasoni ng, Sloan and Barron (1990) designed several experinents to
investigate the sensitivity of the Eocene climte to altered boundary
conditions in a GCM They found that sub-freezing wi nter tenperatures over
the continents were largely insensitive to changes in either the sea surface
tenperature gradient or topography. W found simlar results for the Early
Jurassic climte using nunmerous conbinations of boundary conditions in the
G SsS &M Table 3 describes several of our Early Jurassic sensitivity
experinments and lists their resulting tenperature diagnostics. Notably, none
of the experinments produced average winter tenperatures that were above
freezing. Two sinulations, one with extrenmely warm polar SSTs and one with a
| arge "hypothetical" interior |ake, generated the warnmest continental
interiors, enphasizing the inmportance of the |ow continental heat capacity in

amplifying the cold continental tenperatures. The increased COy sinulations
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reveal that trace gases have little direct affect on continental warnth; six
tinmes the present day COp yielded a ninor tenperature increase in the
continental interior of 2.3°C Warm ng caused by COp increase results

primarily, fromclimte feedbacks such as SST warnming, sea ice decrease, and
cl oud changes. In the Early Jurassic sinmulations those feedbacks were
previously instigated by the warm SSTs and are, therefore, unavailable to
warm the climte farther. Net radiation changes show that snmall increases
woul d occur if SSTs were allowed to adjust (see the method described
previously). However, the additional warnming is on the order of 1°C-2°C, far
bel ow t he warni ng needed to create "equabl e" continental interiors.

Al t hough our experinents show that up to six times the present COp
together with increased ocean heat transports was not sufficient to account
for seasonal tenperature variations, the results are in the right direction,
suggesting that nmore experinents with these major forcing factors are
warranted. Such experinents, if aimed at studying regional effects, nust be
conducted using GCMs which explicitly include COp in their radiation schenes
because nodels which adjust SSTs or solar irradiance to sinmulate the COp
greenhouse effect create unrealistic forcing patterns, limting there use in
climate interpretation (see Hansen and others, 1984, for exanples of the
di fferences). The reduced seasonality in northern Pangaea near the epeiric
seaway confirnms the inportance of inland bodies of water in regulating
continental climtes and suggests that |akes and wetl ands, which are not
represented in this (or other) clinmate nodels, are potentially inportant in
dampi ng the seasonal tenperature fluxuations. To the extent that npde
devel opnent allows, such boundary conditions should be included in future

si mul ati ons.
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Al t hough the nystery of equable continental interiors renains, we would
like to suggest that the |level of disagreenent between GCMs and the geol ogic
record has been exaggerated. Mcro-environnments, such as al ong inland bodies
of water and in valleys, could have harbored many of the pal eofloras and
faunas in regions with harsh climtes, just as they do today. These
environnents have high potential preservation rates, biasing the geol ogic
record towards climatically sheltered localities. Model s, using as they do
coarse resolutions, yield climatic averages over vast regions and tend to
wash-out mcro-environnents, describing instead regional-scale climte
patterns. The fact that |ifeforns, especially aninmals, seek out climatically
favorabl e, preferentially preserved environnents nakes them | ess useful for
val i dating paleoclimte sinulations than for validating current clinmate runs.
Det ai | ed pal eophyt ogeography will probably provide the best hope for gaining
insights into the questions of continental interior climtes. Pl ants can
yield information about npisture availability as well as tenperature
conditions, and tree rings have the unique ability to give us information
about seasonal conditions. Prelimnary bioclimatic interpretations based on
detai | ed pal eophyt ogeography (A. M Ziegler, personal communication) suggest
that the 0°C isothermin northern Pangaea (data from China) during the Early

Jurassic is | ocated near the position described by our sinmulation

SUMVARY AND CONCLUDI NG REMARKS

The major features of the sinulated Early Jurassic climate include warm
surface air tenperatures, extrene continental aridity in the low and m d-
| ati tudes of western Pangaea, and nonsoons which donminate along the md-
| atitude coasts of Tethys and Panthal assa and which also affect conditions
deep into the continental interiors in sonme regions. The GCM results are

supported by the distribution of npbst coals and peats, evaporites, eolian



-41-

deposits, and high latitude fossil floras. The greatest msmatch occurs
along the low latitude Tethys coast where the GCM sinulates wet conditions
over what is now Saudi Arabia, and which was then a region covered by
evapori tes. Sensitivity experinments suggest that the inclusion of cooler
wat ers along the southwest Tethys coast (sinmulating a zone of deepwater
upwel Iing) generates a drier climte along that coast and is a likely
candidate to solve to the problem

Li ke other pre-Pleistocene sinmulations the Early Jurassic shows |arge
seasonal tenperature ranges within the continental interiors. We
experinmented with variations in topography, sea surface tenperature,
vegetation, and atnospheric COp content, and discovered that none of the
scenarios yielded continental interiors whose wi nter tenperatures remained
above freezing everywhere. Since we also found that noisture availability is
hi ghly variable and dependent upon geographic factors, we conclude that
neither the tenperature or the noisture results support the concept of an
equabl e Jurassic clinate.

The nost inportant finding fromour sinmulation is that the warmclimte
of the Early Jurassic could be maintained without additional forcing from
COo. Starting our simulation with warm high latitude SSTs inplicitly
provided the nmodel with increased ocean heat transports. Those heat
transports instigated several positive feedbacks that supported the warner
system yielding an Early Jurassic clinmate that equilibrates at nuch warner
tenperatures than the current climate. Qur sinulation does not address the
guestion of why the ocean heat transports m ght have been greater; although,
cal cul ations show that the an increase of only 42% would create an SST
distribution like the one we specified (Rind and Chandler, 1991). Qur

simul ati on does indicate that, once established, increases in sea surface and
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at nospheric tenperatures could be maintained even if the initiating forces
were renoved. If true, we nust consider the possibility that short term
changes in ocean circulation may have resulted in long termclinmatic warnng.
The inplications for Mesozoic clinmates, as well as for future climtes, are
consi der abl e.

The first responsibility of a paleoclimate simulation is to duplicate the
climatic patterns established from the paleoclimte record. We have
attenpted to achieve this goal within the linmtations of the known boundary
conditions and the current state of GCM devel opnent. The majority of the
conpari sons show that the Early Jurassic sinmulation agrees with the
sedi mentary paleoclimte data; however, the limtations lead to sone
di screpanci es. We have tried to focus on the contrasts, discussing
possi bl e explanations for the m smatches. There are inherent difficulties
i nvolved in conparing GCM results with geol ogic data; especially in the case
of pal eoclimate nodeling, where we rely on uncertain boundary conditions
interpreted froman inconplete record. Certainly there is the potential for
circularity in our interpretations since we use the same record to both
initiate and validate the nodel. However, the excercise is not a futile one.
Thr ee-di nensi onal nodels such as GCMs are based, as much as possible, on
fundamental principles of physics, thus the results they generate are only
partly based on boundary conditions. This is the main reason for using a
three-di mensional climate nodel to sinulate paleoclimtes; nodels that rely
heavily on paraneterizations (approxinmations of physical processes), such as
2-D energy balance nodels, are extrenely linmted in their ability to exam ne
the full range of forces and feedbacks that constitute climte. GCMs use
paraneterizations too for sone inportant processes, such as ocean circulation

and cloud formation, and, no matter how detailed those parameterizations
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becone, they are, nonetheless, the weakest points of the nodels. They are
also, the topics which are receiving the nost attention from nodel
devel opers.

It seens appropriate to ask any clinmate nodel to supply nore information
than could be obtained from a reasonably well-educated interpretation of
avai |l abl e dat a. For pal eoclimate study, the npbst obvi ous advantages of the
nodel include its quantitative ability and its ability to supply information
for regions that lack or have confusing paleoclimate data. |In addition, the
nodel can supply values for a vast array of climte variables that are
probably inpossible to estimate from pal eoclimte data. Many of these
variables, particularly those that describe atnospheric dynanics and energy
transfer relationships, are critical to a conplete understanding of past
climtes. We have attenpted to touch on a few of these aspects of the
nodel ed climatol ogy, concentrating on features that are critical conponents
of the climate system To fully utilize the volunm nous data produced by the
state of the art clinate nodels, paleoclinmatologists will be required to gain
a significant understanding of the atnospheric sciences as well as a better

under st andi ng of the nodels thenselves and their limtations.
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CAPTI ONS
Early Jurassic boundary conditions used in G SS GCM a)
Pal eoconti nental reconstruction of the Pliensbachian Epoch. The

reconstruction is the npst recent version produced by the
Pal eogeographic Atlas Project (Row ey and others, unpublished data).
b) Land coverage and topography, c¢) Sea surface tenperatures (SSTs).
d) Terrestrial vegetation. The vegetation categories include; desert
(DS), savannah-type vegetation (G, savannah with scattered shrubs
(GS), savannah with scattered trees (GI), m xed deci duous-evergreen

forest (DEF), rainforest (RF).

G obal distribution of Early Jurassic pal eoclinmte indicators.
evaporite (e), eolian "dune" sandstone (D), peat or coal (p),
ironstone (i), phosphate (Ph), Novosi birskiye paleoflora (N, G aham
Land pal eoflora (G . Novosibirskiye and G aham Land are the highest

known | atitudinal positions of Early Jurassic pal eofl oras.

Zonal ly averaged properties of the sinmulated Early Jurassic
general circulation for northern hem sphere winter. The vertical axis
is in pressure units (mllibars), a common nethod of representing
hei ght above sea level in atnospheric flow diagrans, a) Zonal nean
stream function indicating vertical and north-south air flow patterns;
dashed contours = clockwi se flow, solid contours = counter-clockw se
flow b) Zonal nean wi nds indicating east-west wi nd strength; dashed

contours = easterly flow, solid contours = westerly flow.

The sinulated global distribution of Early Jurassic surface air

t enper at ures. Insolation forcing generates the greatest heating in
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the subtropical and tropical regions of western Pangaea. Extrenely
cold winter tenperatures over high |atitude, high elevation regi ons of

the continent result in annual tenperature ranges that exceed 45°C.

Simul ated global distribution of Early Jurassic sea |evel
pressure. Wnter high pressure cells alternate with sumer | ow
pressure cells over the continent. The cells are, in general,
| ocalized by surface heating which is affected by latitude,
t opography, and continentality. Subpolar |ow pressure cells devel op
over the ocean, however, the subtropical high pressure zone, typically

present in the current climate is absent.

Si nul ated gl obal distribution of Early Jurassic wind vectors. a)
surface winds; hashed |ine indicates approxi mate position of |TCZ,

circled region identifies wind vectors that correspond to regi on where

pal eowi nd estinates are available (see text), b) upper level "jet

w nds.

Si mul ated gl obal distribution of Early Jurassic cloud cover. a)
|l ow | evel clouds b) high level clouds. The large reduction in the
anount of low clouds in the Early Jurassic sinulation conpared with
the present climte represents a positive feedback in a warnmer
climate. Coud changes over the tropical continent are particularly
conducive to warning since |ow clouds are reduced while strengthened
tropical convection increases higher clouds which trap heat. Cl oud
cover cannot be validated using the geologic record, however,
simul ated cloud distributions are critical to an accurate portrayal of
climate as they allow us to understand nore fully the reasons for

climte changes in the past.
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a) Precipitation: Sinulated global distribution of Early Jurassic
precipitation rates. Val ues below 0.7 mmday (250 mmiyear) are
generally assunmed to indicate aridity. Continental regions that
receive greater than 4 miday of rainfall are only found in regions
dom nated by nobnsoon systens. b) Evaporation: Simulated global
distribution of Early Jurassic rates of evaporation. The primary
controls on evaporation are surface heating, w nd speed, and nvisture
availability. Therefore, nost evaporation occurs over the |ow

| atitude oceans, particularly in regions with warm prescribed SSTs.

a) Precipitation mnus Evaporation (p-e): Si mul ated gl obal
distribution of Early Jurassic annually averaged, p-e. Negati ve
val ues of p-e are comonly used to indicate aridity, however, caution
must be used when evaluating this value over land in GCM experinents
(see discussion in text). b) Precipitation m nus Thornt hwaite/ GCM
Potential Evaporation (p-eTh): Val ues of p-eTh provide the npst
accurate representation of nmoi sture bal ance in GCM pal eoclinmate

si nul ati ons.



